The cement gland in Xenopus laevis has long been used as a model to study the interplay of cell signaling and transcription factors during embryogenesis. It has been shown that an intermediate level of Bone Morphogenetic Protein (BMP) signaling is essential for cement gland formation. In addition, several transcription factors have been linked to cement gland development. One of these, the homeodomain-containing protein Pitx1, can generate ectopic cement gland formation; however, the mechanisms underlying this process remain obscure. We report here, for the first time, a requirement for Pitx proteins in cement gland formation, in vivo: knockdown of both pitx1 and the closely related pitx2c inhibit endogenous cement gland formation. Pitx1 transcriptionally activates cement gland differentiation genes through both direct and indirect mechanisms, and functions as a transcriptional activator to inhibit BMP signaling. This inhibition, required for the expression of pitx genes, is partially mediated by Pitx1-dependent follistatin expression. Complete suppression of BMP signaling inhibits induction of cement gland markers by Pitx1; furthermore, we find that Pitx1 physically interacts with Smad1, an intracellular transducer of BMP signaling. We propose a model of cement gland formation in which Pitx1 limits local BMP signaling within the cement gland primordium, and recruits Smad1 to activate direct downstream targets.
Introduction
The cement gland, as its name implies, secretes a sticky mucus that allows amphibian larvae to adhere to hard surfaces before young tadpoles are able to swim freely in the aquatic environment. The cement gland is an outer layer ectodermal structure located at the anterior end of the Xenopus laevis tadpole, at the border between dorsal (neural) and ventral (epidermal) fates; thus, it has long been used as a model to study early embryonic patterning and differentiation Sive and Bradley, 1996) . Dorsal-ventral patterning in the Xenopus ectoderm is regulated by signaling through the Bone Morphogenetic Protein receptors (BMPRs), expressed throughout the gastrula stage ectoderm (Hawley et al., 1995; Suzuki et al., 1997b; Wilson and Hemmati-Brivanlou, 1995; Xu et al., 1995) . Ventrally, high levels of Bone Morphogenetic Protein (BMP) ligands bind to the BMPRs, initiating a signaling cascade that results in the activation and nuclear retention of the intracellular Smad1/5-Smad4 complex, the transactivation of BMP target genes, and the initiation of the program for epidermal differentiation (Suzuki et al., 1997a; Wilson et al., 1997) . Dorsally, extracellular BMP antagonists secreted by the Spemann Organizer bind BMP ligands and prevent them from activating their cognate receptors-Smad1/5 signaling remains inactive, BMP target genes are not activated and the dorsal ectoderm subsequently differentiates as neural tissue, the "default" fate of the ectoderm (reviewed in Weinstein and Hemmati-Brivanlou, 1999) . The formation of the cement gland, located at the anterior border between dorsal and ventral ectoderm, has been related to intermediate levels of BMP signaling (Knecht and Harland, 1997; Wilson et al., 1997) .
Several transcription factors have also been implicated in cement gland formation, including Otx2, Pitx1, and Pitx2c. The homeobox gene otx2 is expressed in a broad anterior region including the cement gland primordium (Gammill and Sive, 2000) .
Two other homeobox genes, pitx1 and pitx2c, but not the pitx2 isoform pitx2b, are co-expressed in the presumptive cement gland (Schweickert et al., 2001b) . Otx2 was reported to promote anterior fates and control cement gland differentiation in the presence of BMP activity (Gammill and Sive, 1997 ; furthermore, cement gland induction by Otx2 is abolished by knockdown of Pitx1 or Pitx2c proteins (Schweickert et al., 2001a) . Misexpression of pitx1 or pitx2c also induces ectopic cement gland formation, through targets and signaling pathways that remain elusive (Chang et al., 2001; Schweickert et al., 2001a) . Here, we demonstrate for the first time that the Pitx proteins are required for cement gland formation, in vivo. We identify direct and indirect target genes of Pitx1. We also find that Pitx1 may function as a transcriptional activator to indirectly inhibit BMP signaling in the presumptive cement gland tissue; the inhibition is partially mediated by Follistatin, whose expression within the cement gland primordium depends on Pitx1.
Restoration of BMP signaling inhibited by pitx1 misexpression blocks the expression of pitx2 and endogenous pitx1, whereas suppression of BMP signaling attenuates Pitx1-induced cement gland markers. Finally, we find physical interaction between Pitx1 and Smad1. Taken together, these results demonstrate the requirement for Pitx proteins during cement gland differentiation, mediated through activation of transcriptional targets and inhibition of BMP signaling.
Materials and methods
RNA preparation, explant dissection, and embryo culture RNA was synthesized in vitro in the presence of cap analog using the mMessage mMachine kit (Ambion). Microinjection, explant dissection, and embryo culture were performed as described Wilson and Hemmati-Brivanlou, 1995) . Dexamethasone and cycloheximide treatment were performed as described (Chung et al., 2010) . For all animal cap experiments, a minimum of five explants was used for each condition; each experiment was performed at least three times.
Constructs and morpholinos
The coding sequence of Pitx1 was isolated by PCR from cDNA derived from midneurula stage Xenopus laevis embryos using the following primers: 5'-GGAATTCACCATGGATTCCTTTAAAG; 5'-CCTCGAGTCAACTGTTATATTGGC, and cloned into the EcoRI and XhoI sites of the pCS2++ vector (Hollemann and Pieler, 1999) . Pitx1 fusion constructs were generated by PCR. For VP16-Pitx1, residues 410-490 of the VP16 transcriptional activator were fused upstream of the complete coding sequence of Xenopus pitx1 (Hollemann and Pieler, 1999; Kessler, 1997) . For EnR-Pitx1, residues 1-298 of the Drosophila Engrailed transcriptional repressor were fused upstream of the complete coding sequence of Xenopus pitx1 (Hollemann and Pieler, 1999; Kessler, 1997) . For Pitx1-Myc, six Myc epitopes were fused downstream of full-length Xenopus pitx1. A fusion construct of the ligand-binding domain of the human glucocorticoid receptor and Xenopus pitx1 (Pitx1-GR) was a gift from John Wallingford (Chung et al., 2010) . pCS2-hSmad1-WT was a gift from Edward De Robertis (Pera et al., 2003) . pBS-XFS-319 was a gift from Ali Brivanlou . The constitutively active BMP receptor type Ia was subcloned from pCMV-hBMPR-1A-CA (a gift from Lee Niswander & Peter ten Dijke) into the pCS2++ vector (Varley et al., 1998) . pSP64T-noggin was a gift from Richard Harland (Smith and Harland, 1992) . pCMV-SPORT6-Xag1 was purchased from Open Biosystems Dharmacon.
Morpholino oligonucleotides (MO) were heated for 10 minutes at 65°C, then quenched on ice prior to injection at two-or four-cell stages. Antisense morpholino oligonucleotides (Gene Tools, LLC) and mismatch (MM) control morpholinos used in this study are as follows: Pitx1-MO: 5'-CATGGTCAATCACTTCTGCTCATGA (Chung et al., 2010) 
Reverse transcription-polymerase chain reaction (RT-PCR)
RT-PCR was performed as described (Wilson and Hemmati-Brivanlou, 1995) .
Primers used in this study are as follows: 
Whole-mount in situ hybridization
Whole-mount in situ hybridization was performed as described (Suri et al., 2005) .
Anti-digoxygenin Fab fragments (Roche) coupled to alkaline phosphatase were used at 1:1000 dilution. Chromogenic reactions were performed using NBT/BCIP (Sigma).
Western blot analysis
Western blot analysis was performed as described (Hama et al., 2002) . Antibodies against phospho-Smad1/5 (Cell Signaling Technology), Smad1 (Cell Signaling Technology), and β-tubulin (Sigma) were used at 1:500, 1:1,000, and 1:1,000 dilutions, respectively. Secondary antibodies (donkey anti-rabbit IgG, or donkey anti-mouse IgG) coupled to horseradish peroxidase (Jackson ImmunoResearch)
were used at 1:10,000 dilution.
Co-immunoprecipitation
pitx1-myc RNA was injected into early cleavage stages embryos. Injected embryos were harvested at mid-neurula stages. Embryo lysates were incubated with either anti-Smad1 antibodies (333 µg/ml) at 1:100 dilution or normal Rabbit IgG (1 mg/ml) at 1:300 dilution (Cell Signaling Technology), followed by incubation with Dynabeads Protein G (Novex). The elution was subject to protein gel electrophoresis.
Antibodies against Myc (Sigma) were used to probe the blot at 1:500 dilution.
Secondary antibodies (donkey anti-mouse IgG) coupled to horseradish peroxidase (Jackson ImmunoResearch) were used at 1:10,000 dilution.
RNA-sequencing
400 pg pitx1 RNA was injected into the animal pole of early cleavage stages embryos.
Ectodermal (animal cap) explants were dissected from injected embryos and from untreated control embryos at late blastula stages, and harvested at mid-neurula stages. RNA extracted from these two explant pools was sequenced and analyzed for relative transcript abundance (Genewiz); studies were performed in duplicate. RNA seq data generated from this work have been deposited in the Gene Expression Omnibus (GSE111454).
Results

Knockdown of pitx1 and pitx2c inhibits endogenous cement gland formation
While Pitx proteins are necessary for ectopic cement gland induction by Otx2 (Schweickert et al., 2001a) , a requirement for Pitx proteins in the formation of the endogenous cement gland has not previously been demonstrated. To address this possibility, we designed antisense morpholino oligonucleotides to inhibit translation of pitx1 and the related pitx2c, the misexpression of which is also sufficient to induce ectopic cement gland formation (Pitx1-MO and Pitx2c-MO, respectively) (Chung et al., 2010) . (Sive et al., 1989 ). These studies demonstrate that Pitx proteins are essential for endogenous cement gland differentiation in
Xenopus.
Our results also suggest redundancy between Pitx1 and Pitx2c proteins during cement gland development.
Pitx1 transcriptionally activates cement gland differentiation genes through direct and indirect mechanisms
It has been shown that misexpression of pitx1 induces cement gland markers in animal cap explants (Chang et al., 2001; Schweickert et al., 2001a) . In order to determine whether Pitx1 functions as a transcriptional activator or repressor, we engineered constructs of full-length Pitx1 fused to either the activation domain of VP16 (VP16-Pitx1) or the repression domain of Engrailed (EnR-Pitx1). Injection of RNA encoding wild-type pitx1 causes the induction of cement gland markers Xag1 and agr2 ( Fig. 2A ) (Novoselov et al., 2003) . Injection of RNA encoding VP16-pitx1
leads to the expression of cement gland markers in the animal caps, while injection of RNA encoding EnR-pitx1 does not ( Fig. 2A) . Results from these neomorphic constructs suggest that Pitx1 may act as a transcriptional activator in the context of cement gland formation.
We performed RNA Seq analysis to identify potential transcriptional targets of Pitx1.
Ectodermal (animal cap) explants from embryos injected with pitx1 RNA and from untreated control embryos were harvested at mid-neurula stages; RNA was extracted from these two explant pools, then sequenced and analyzed for relative transcript abundance (Genewiz). We selected for transcripts that displayed a fourfold or greater increase in animal caps derived from embryos injected with pitx1 mRNA versus untreated animal caps. Among the candidates positively regulated by Pitx1 misexpression, we selected those that had been shown previously to be expressed in the cement gland primordium (Table I) . We utilized cycloheximide assays to distinguish between potential direct and indirect targets of (Rosa, 1989) . In order to prevent Pitx1 from entering the nucleus prior to cycloheximide treatment, we utilized a fusion construct of Pitx1 and the ligand-binding domain of the Glucocorticoid Receptor (Pitx1-GR) (Chung et al., 2010) . We injected RNA encoding pitx1-GR at early cleavage stages, and isolated animal caps from these and control embryos at late blastula stages. At stage 12, the stage at which endogenous zygotic expression of pitx1 is first observed in the presumptive cement gland region, dexamethasone was added to the excised animal caps to stimulate nuclear translocation of Pitx1-GR (Hollemann and Pieler, 1999) . We found that nkx3.1, tgfb1, sim2, crx, epha4 and traf4 are strongly induced by Pitx1-GR in both the presence and absence of cycloheximide, suggesting that they are directly activated by Pitx1 (Fig. 2B ) (Coumailleau et al., 2000; Kalkan et al., 2009; Kondaiah et al., 1990; Newman and Krieg, 2002; Smith et al., 1997; Vignali et al., 2000) . Xag1, Xcg, agr2, pitx2c, mid1, stat5b and ern2, however, are very poorly induced when protein synthesis is inhibited ( Fig. 2B and data not shown) (Campione et al., 1999; Jamrich and Sato, 1989; Pascal et al., 2001; Suzuki et al., 2010; Yuan et al., 2008) . These results suggest that these latter genes may be indirect targets of Pitx1; their persistent, albeit weak, expression may be due to incomplete inhibition of protein synthesis. These studies suggest that Pitx1 drives the transcription of cement gland differentiation genes through direct and indirect mechanisms.
follistatin is a transcriptional target of Pitx1 in the developing cement gland
Interestingly, RNA Seq analysis identified the BMP antagonist follistatin as a putative target of Pitx1, a result that we subsequently confirmed by reverse transcription PCR: injection of RNA encoding pitx1 leads to the induction of follistatin expression in mid-neurula stage ectodermal explants (Fig. 3A ) (Fainsod et al., 1997) . We were not able to determine whether or not follistatin is a direct target of Pitx1, because cycloheximide treatment alone leads to the strong induction of follistatin (Fig. 3B ). To our knowledge, follistatin transcripts localized in the cement gland have not been previously reported. Our whole mount in situ hybridization analyses detect follistatin RNA in the anterior notochord, hindbrain, and pronephric kidneys, consistent with earlier published data (Figs. 3C, D) . Interestingly, our analyses also reveal that follistatin RNA is indeed present in the presumptive cement gland region around stage 20 (66% of embryos with detectable follistatin staining within the cement gland primordium, n=29) (Fig.   3E ); we did not observe follistatin transcripts in the cement gland region at earlier neurula stages, presumably because its expression is below the level of detection by in situ hybridization (data not shown). In order to examine whether follistatin expression in the cement gland is dependent on Pitx1, we injected either pitx1 RNA or Pitx1-MO/Pitx2c-MO into the animal pole of early cleavage stages embryos.
Depletion of Pitx proteins results in reduced follistatin staining in the presumptive cement gland region (36% of embryos with detectable follistatin staining, n=33) (Fig. 3F) , while pitx1 overexpression results in expanded follistatin staining (77%, n=31) (Fig. 3G) . Taken together, these results demonstrate that Pitx1 is necessary and sufficient for follistatin expression within the cement gland primordium.
Pitx1 may function as a transcriptional activator to inhibit BMP/Smad1 signaling
Follistatin has been shown to antagonize BMP signaling through direct binding to extracellular BMP ligands (Fainsod et al., 1997; Iemura et al., 1998) . Since follistatin has been characterized as a transcriptional target of Pitx1, we were interested in examining whether Pitx1 regulates BMP signaling through Follistatin. Misexpression of pitx1 in animal caps inhibits the BMP-responsive target genes bmp4 and sizzled in a dose dependent manner (Fig. 4A ) (Lee et al., 2006; Reversade and De Robertis, 2005) . Moreover, Western blot analysis shows that injection of RNA encoding pitx1 decreases C-terminal phosphorylation of the BMP pathway transducer Smad1/5, without affecting the overall level of Smad1 protein (Fig. 4B) . In order to determine whether Pitx1 functions as an activator or repressor in the context of BMP signal inhibition, we examined expression of BMP target genes in animal caps derived from embryos injected with RNA encoding VP16-pitx1 or EnR-pitx1. VP16-Pitx1 inhibits the BMP-responsive genes bmp4, sizzled and cv2, similar to that seen following injection of wild-type pitx1 RNA, while EnR-Pitx1 does not affect BMP target genes expression (Fig. 4C ) (Ambrosio et al., 2008) . These results support the idea that Pitx1-mediated inhibition of BMP signaling is achieved via transcriptional targets of Pitx1. Next, we designed and utilized antisense morpholino oligonucleotides to inhibit translation of follistatin (Follistatin-MO). Co-injection of Follistatin-MO and RNA encoding pitx1 partially rescues expression of sizzled, but not expression of other BMP-responsive genes inhibited by Pitx1 (Fig. 4D and data not shown), suggesting that Pitx1 suppresses BMP signaling through activation of both follistatin and additional target genes. We did not, however, identify other BMP pathway inhibitors among the candidate Pitx1 targets from our RNA Seq analysis.
Inhibition of BMP signaling is required for the expression of pitx genes
According to one prominent model for cement gland induction, moderate inhibition of BMP signaling in the ectoderm gives rise to the cement gland (Knecht and Harland, 1997; Wilson et al., 1997) . Since our studies demonstrate that Pitx1 inhibits BMP signaling, we were interested to see whether enhancement of BMP signaling could interfere with Pitx1-induced cement gland formation. We found that exogenous Smad1 or constitutively active BMP receptor Ia (CA-BMPRIa) rescues expression of the BMP-responsive gene sizzled, but has no effect on Pitx1-induced expression of the cement gland markers Xag1 and Xcg (Fig. 5A) ; Otx2-mediated induction of Xcg expression is also unaffected by misexpression of Smad1 (Gammill and Sive, 2000) . We did observe, however, that expression of endogenous pitx1 and of two transcript variants of pitx2, pitx2b and pitx2c, are suppressed by elevated BMP signaling (Fig. 5A) . Consistently, in situ hybridization assays demonstrated that embryos with enhanced BMP signaling exhibit significantly decreased pitx1 expression within the cement gland primordium in vivo (compare Figs. 5B, C). In conclusion, elevated BMP signaling suppresses induction of endogenous pitx1 and pitx2 by exogenous pitx1 in explant assays, and suppresses pitx1 expression in the developing cement gland.
BMP/Smad1 signaling is required for cement gland development
Gammill and Sive have demonstrated that coincident BMP4 activity and otx2 expression are correlated with cement gland formation (Gammill and Sive, 2000) .
We examined the ability of Pitx1 to induce cement gland under conditions of low BMP/Smad1 signaling. Co-injection of RNA encoding pitx1 and the extracellular BMP antagonist noggin inhibits expression of Pitx1-induced cement gland differentiation genes, including potential direct target genes of Pitx1 (Fig. 5D) (Fig. 5E ). These studies suggest that the dependence of Pitx1-mediated cement gland gene expression on BMP signaling may involve physical association of Pitx1 and Smad1; this interaction would be expected to stimulate, rather than inhibit, transactivation by Pitx1 in the context of cement gland formation.
Discussion
In this study, we report that Pitx1 and the related protein Pitx1 shares several functional similarities with Otx2. Both factors induce ectopic cement gland formation when misexpressed in Xenopus embryos, and both suppress BMP target genes in a dose-dependent manner (Gammill and Sive, 2000; Schweickert et al., 2001a) . Our results support the possibility that both pitx1 and (Fig. 5D ). Both studies indicate synergy between Otx2 or Pitx1 and BMP pathway activity in the context of cement gland induction, which explains why Pitx1-and Otx2-dependent ectopic cement glands are only seen in ventral-lateral regions of the embryo, never in the dorsal neural plate where BMP activity is lowest (Chang et al., 2001; Gammill and Sive, 1997; Schweickert et al., 2001a) . We propose Pitx1 may activate downstream indirect transcriptional targets through its putative direct target, TGFβ1. TGFβ1 alone has been shown to induce Xag1 and gsc (Deglincerti et al., 2015) , which can also be achieved through Pitx1 misexpression ( Fig. 2A and data not shown) . In addition, analysis of the Xag1 promoter reveals that ATF/CREB-like family members regulate Xag1 expression through an Otx2-dependent pathway (Wardle et al., 2002) . It has been reported that ATF-2 plays a crucial role in transducing TGFβ signaling (Kim et al., 2007; Lim et al., 2005) , which raises the possibility that Xag1 expression is under the control of TGFβ1. Other reports have indicated that connective tissue growth factor (CTGF) or Coco elevate
TGFβ1 signaling through enhanced binding of TGFβ1 to its cognate receptor complex (Abreu et al., 2002; Deglincerti et al., 2015) . Since neither factor is expressed in regions close to the cement gland (Mercurio et al., 2004; Vonica and Brivanlou, 2007) , we speculate that other factors that enhance TGFβ1 signaling are present at the anterior of the Xenopus embryo. Since Follistatin, like CTGF and Coco, is an extracellular BMP antagonist, it is possible that Follistatin also binds to TGFβ1
and promotes the latter's activity.
Another putative direct target of Pitx1 that emerged from our study is the homeobox gene nkx3.1. Due to genome duplication in Xenopus laevis, there are two closely-related nkx3.1 genes, nkx3.1-a and nkx3.1-b (Newman and Krieg, 2002) .
RNA Seq analyses demonstrated that both genes are upregulated by Pitx1 misexpression. It was reported that Nkx3.1-b restricts cell proliferation in somites; no extra cement gland formation was described in these studies (Newman and Krieg, 2002) . We injected nkx3.1-a RNA into the early cleavage stages embryos; however, injected embryos do not exhibit either enlarged or ectopic cement glands (data not shown). Thus, it is possible that Nkx3.1 is not involved in the induction of the cement gland. Other potential direct targets of Pitx1 are currently under investigation in our lab. Schweickert et al. have shown that their Pitx morphants display a high rate of axial defects, which they attribute to a requirement for Pitx2 in the specification of mesoderm and endoderm during gastrulation (Faucourt et al., 2001; Schweickert et al., 2001a) . In our study, embryos injected with both Pitx1 and Pitx2c morpholinos have shortened axes with a reduction in head structures (Figs. 1B and 3F ). Coinjection of pitx1 RNA rescues cement gland, body axis defects and partially rescues craniofacial structures, suggesting that these two genes do not share complete redundancy in head development (Fig. 1D) . In addition to their co-expression in the cement gland, pitx1 and pitx2c are both expressed in the stomodeum, adenohypophysis and midbrain; pitx2c transcripts are localized in the eye musculature and head mesenchyme, while pitx1 mRNA is expressed in lens (Schweickert et al., 2001b) . The expression of pitx genes in these anterior tissues may help to explain the severe craniofacial defects in our pitx morphants.
The expression pattern of pitx1 is highly conserved between Xenopus laevis and Mus musculus. Although the cement gland does not exist in mouse, localization of pitx1 transcripts is found in other mucus-secreting tissues, such as the submandibular glands (Lanctot et al., 1997) . More than 50% of mucus-containing saliva secreted into the oral cavity is produced by the oral epithelium-derived submandibular glands, which are a pair of major salivary glands located beneath the mandible (reviewed in Proctor, 2016) . It was reported that pitx1 -/-mice exhibit loss of the submandibular glands, indicating that Pitx1 protein is required for gland development (Szeto et al., 1999) . The requirement for pitx1 in the development of both the Xenopus cement gland and the mouse submandibular glands suggest that Pitx1 plays an important role in the formation of mucus-secreting glands, and the production of mucus, across the tetrapod superclass.
and R15GM124577 (both to DCW), and with funds from Queens College of the City University of New York and the Professional Staff Congress-City University of New York. (Krieg et al., 1989) . The -RT lane contains all reagents except reverse transcriptase, and is used as a negative control. 
Figure legends
Gene name References
anterior gradient 1 (Xag1) (Sive et al., 1989) mucin 2 (Xcg) (Jamrich and Sato, 1989) anterior gradient 2 (agr2) (Novoselov et al., 2003) anterior and ectodermic-specific protein (xa-1) cone-rod homeobox (crx) (Vignali et al., 2000) paired like homeodomain 2 (pitx2) (Campione et al., 1999) Nk3 homeobox1 (nkx3.1) (Newman and Krieg, 2002) transforming growth factor beta 1 (tgfb1) (Kondaiah et al., 1990) EPH receptor A4 (epha4) (Smith et al., 1997) forkhead box E3 (foxe3) (Murato and Hashimoto, 2009) midline1 (mid1) (Suzuki et al., 2010) signal transducer and activator of transcription 5B (stat5b) (Pascal et al., 2001) TNF receptor associated factor 4 (traf4) (Kalkan et al., 2009) single-minded family bHLH transcription factor2 (sim2) (Coumailleau et al., 2000) endoplasmic reticulum to nucleus signaling 2 (ern2) (Yuan et al., 2008) 
